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[1] Geophysical interpretation of GRACE gravity fields has provided estimates of
Antarctic ice mass change. Such analyses rely on proper consideration of ocean tidal
effects through the models CSR4 and FES2004. In general, mis-modeling of tidal
constituents with aliasing period less than 30 day will not have significant impact on ice
mass change. However, for constituents, such as K1, K2, and S2, the aliasing period is
sufficiently large to potentially compromise long-term variability studies. Here we
quantify tidal aliasing over Antarctica by simulating GRACE signatures due to differences
between CSR4 and FES2004, and the best available circum-Antarctic model, TPXO6.2.
The S2 simulations are in close agreement with the observed S2 signal from GRACE.
Simulations of ice mass change show that over 2002–2006 long-term K1 and K2 aliasing
is equivalent to a rate error of 4.5 ± 1.3 km3/a of ice with CSR4, but only 0.2 ± 0.2 km3/a
with FES2004. After spatial averaging and destriping, K1 plus K2 mis-modeling in
CSR4 (FES2004) introduce point-wise errors up to 5 (2) mm/a in equivalent water height
over a 3.5 year period. With observed mass change equivalent to less than 30 mm/a
of water height over much of Antarctica, the simulations show tidal aliasing uncertainty at
the 2–3 mm/a level for August 2002–January 2006, or 10% of the signal. With
GRACE Release 04, the revised estimate (April 2002–January 2006) of published ice
volume decrease is 164 ± 80 km3/a of ice, although this value depends very much on the
GIA model and GRACE analysis approach.
Citation: Moore, P., and M. A. King (2008), Antarctic ice mass balance estimates from GRACE: Tidal aliasing effects, J. Geophys.
Res., 113, F02005, doi:10.1029/2007JF000871.
1. Introduction
[2] Antarctic ice mass plays a crucial role in climate
change studies and forecasts of sea level rise over the next
century. The total Antarctic mass rates as provided by the
Gravity Recovery and Climate Experiment (GRACE) sat-
ellite mission are a composite of the actual water/ice storage
change, the crustal response to the present and past loads
and aliasing effects from the GRACE orbit, ground track
and background temporal gravity fields. After modeling
glacial isostatic adjustment (GIA), the total Antarctic ice-
mass loss from GRACE has been estimated to be 152 ±
80 km3 of ice per year [Velicogna and Wahr, 2006]; 77 ±
14 km3 [Chen et al., 2006] and 40 ± 36 km3 [Ramillien et
al., 2006] (100 km3 of ice is equivalent to 0.25 mm of
global mean sea level). Much of the difference between
these solutions is due to the time period used and the GIA
correction applied, although some important analysis center
differences exist [e.g., Sasgen et al., 2007]. However, these
mass trends may be compromised by the presence of quasi-
secular signatures due to orbital and sampling issues, which
are not accounted for in these estimates or their formal
errors.
[3] In particular, mass trends from GRACE can be aliased
by incomplete sampling of long-term temporal gravity field
variations from mis-modeled ocean tidal mass movements
[Knudsen and Andersen, 2002]. Artifacts of tide model
errors on the monthly GRACE gravity fields have been
investigated by Ray et al. [2003], Han et al. [2004] and by
Ray and Luthcke [2006]. The latter attempted to inject
realism into the GRACE tidal aliasing problem by under-
taking a simulation mirroring the GRACE solution meth-
odology, including satellite state-vector adjustment and
accelerometer calibrations. Their analysis showed that diur-
nal constituents tend to cancel out in non polar regions due
to the difference of near 180 degrees in the phase sampling
of the tidal arguments along ascending and descending
tracks. This near cancellation has given rise to the belief
that diurnal tides present few problems with GRACE and
that the semi-diurnal tides dominate residual tida1 signa-
tures. However, we will demonstrate that it is erroneous to
neglect diurnal tides at high latitudes, which confirms the
cautionary note of Ray and Luthcke [2006] about the K1
tidal constituent in particular.
[4] The latest releases of GRACE ‘monthly’ gravity field
solutions by the Center for Space Research (CSR), Texas,
USA; GeoForschungsZentrum (GFZ), Potsdam, Germany;
Centre National d’Etudes Spatiales/Groupe de Recherches
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de Ge´ode´sie Spatiale (CNES/GRGS), Toulouse, France and
the Jet Propulsion Laboratory, Pasadena, USA utilize the
FES2004 [Lyard et al., 2006] ocean tidal model. In contrast,
the earlier Release 01 from CSR was based on the CSR4
ocean tidal model [Eanes, 1994] with constituents and
harmonics selected using the approach of Casotto [1989].
An assessment around Antarctica [King and Padman, 2005]
using GPS, tide gauge and gravimeter data identified prob-
lems with CSR4 for the large ice shelves. FES2004 was
seen to perform better but the best model, TPXO6.2, yielded
a root-mean square deviation some 40% lower. Some
regions had few validation sites (such as the Filchner-Ronne
Ice Shelf), but these results were corroborated by the
regional-scale ocean-tidal loading study by King et al.
[2005]. Given that GRACE can observe differences in
ocean heights at the few centimeter level [Han et al.,
2005] the spatial distribution of tidal amplitudes is expected
to have a significant impact.
[5] Evidence of aliasing of Antarctic mass rates by S2
may be seen in the results of Velicogna and Wahr [2006]
and Chen et al. [2006]. The use of the kernel approach to
recover the total Antarctic mass rate in the former and the
use of spatial averaging in the latter provided time series
that exhibit periodicities that appear close to the S2 aliasing
period of 161 days. However, the expected longer-term
aliasing from the K1 and K2 tides cannot be easily separated
from geophysical signals caused by changes in the ice
loading.
[6] The aim of this study is to investigate the potential
aliasing of Antarctica mass rates by ocean tide mis-model-
ing. The methodology adopted examines the differences
between CSR40 and FES2004 and TPXO6.2 in a synthetic
GRACE gravity field recovery for the monthly solutions. A
criticism of such a simulation is that it does not exactly
mirror the GRACE solution methodology and hence loses
realism due to the reduced parameterization and, in partic-
ular, lack of consideration of accelerometer biases and other
geodynamical parameters [Ray and Luthcke, 2006]. In
essence, tidal errors may influence accelerometer calibra-
tions with the concomitant effect on the gravity field
solution leading to even more spatial North–South streaks
within the temporal field. Here, we take for granted that the
GRACE solutions are robust but that long-term aliasing is a
potential problem in Antarctica. Accordingly we seek to
quantify the uncertainty in the long-term Antarctic mass
rates due to the ocean tides with the understanding that the
simulated results may be somewhat optimistic.
2. Circum-Antarctic Ocean Tides
[7] Orbital perturbation theory based on Lagrange’s plan-
etary equations provides insight into tidal effects on satellite
orbits [Lambeck, 1980]. With both ocean and solid Earth
tides giving rise to perturbations at the same orbital fre-
quencies it is sufficient to consider the solid Earth tides to
determine the aliasing period and also to provide some
quantification of the relative importance of the tidal
constituents.
[8] Table 1 presents our results from a theoretical analysis
of tidal aliasing due to the solid Earth tides, with Love
number K2 = 0.3, on the GRACE orbital inclination,
argument of perigee and right ascension of node, using
GRACE orbital parameters from August 2002. All tabulated
constituents, with the exception of O1, have an aliasing
period in excess of 100 days with a theoretical solid Earth
tide perturbation of amplitude 0.05 arc sec or more for at
least one of the orbital elements.
[9] The table shows the spectrum of tides contributing a
long-period perturbation. Similarly, the magnitudes of the
various perturbations give insight into which constituents
are significant. In particular, K1, K2 and S2 exhibit large
perturbations and have long aliasing periods, about 7 years,
3.5 years and 161 days respectively. In addition to the
central constituent, the table identifies sidebands to K1 and
K2 caused by lunar precession. Sidebands can be included
within the main constituent by modification of the ampli-
tude and phase of the tidal admittance and thus will not be
considered further.
[10] Figures 1 and 2 show the model amplitude differ-
ences of the ocean tides around Antarctica for four con-
stituents, the diurnal tides K1 and O1 and the semi-diurnal
tides K2 and S2. Differences between TPXO6.2 and CSR4
are dominated by the ice-shelf regions (Filchner-Ronne,
Ross, Larsen and Amery) which are largely unmodeled in
CSR4. Other differences relate to the coarse Antarctic land
mask in CSR4. In addition, other areas, such as the Weddell
and Amundsen Seas, display significant differences. The
agreement between TPXO6.2 and FES2004 in Figure 2 is
notably better than with CSR4 (note the difference in color
scale compared to Figure 1) but again deficiencies are
observed over the same ice-shelves. These tide model
differences represent our ‘‘error’’ term for the subsequent
simulations.
[11] In practice, the problems with CSR4 were com-
pounded by incomplete implementation within CSR Re-
lease 01 with constituents and harmonics selected using the
approach of Casotto [1989]. Thus the actual implementa-
tion of the S2 and K1 constituents was essentially complete
to degree and order 17 with additional higher resonant
Table 1. Theoretical Amplitudes of Perturbations on GRACE
Orbital Inclination (i), Argument of Perigee (w) and Right
Ascension of Ascending Node (W) of Solid Earth Tide (K2 = 0.3)a
Doodson
No Name
DI,
arc sec
Dw,
arc sec
DW,
arc sec
Period,
dy
Disturbing
Body
145.555 O1 0.003 0.20 0.013 13.6 M
162.556 PI1 0.001 0.05 0.003 116.7 S
163.555 P1 0.020 1.11 0.072 171.4 S
164.556 S1 0.001 0.05 0.003 323.0 S
165.545 K1s 0.014 0.24 0.002 1,978.9 M
165.555 K1 0.960 0.02 1.408 2,791.4 M+S
165.565 K1s 0.221 9.27 1.165 4,736.1 M
165.575 K1s 0.016 4.32 0.415 15,612.6 M
166.553 PSI1 0.001 0.08 0.006 420.3 S
167.555 PHI1 0.001 0.06 0.004 195.4 S
272.556 T2 0.109 0.27 0.139 112.0 S
273.555 S2 2.682 9.38 3.174 161.5 S
274.554 0.040 0.25 0.038 289.5 S
274.556 0.010 0.07 0.010 289.5 S
275.545 K2s 0.067 1.67 0.051 1,158.0 M
275.555 K2 6.282 189.11 7.736 1,395.7 M+S
275.565 K2s 2.351 89.04 4.553 1,756.3 M
275.575 K2s 0.344 17.56 1.078 2,368.0 M
276.554 0.018 0.19 0.044 494.7 S
aDisturbing body: Moon (M) and Sun (S).
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Figure 1. Amplitude (cm) of ocean tidal heights: TPXO6.2 minus CSR4. Note the different color scale
to Figure 2.
Figure 2. Amplitude (cm) of ocean tidal heights: TPXO6.2 minus FES2004. Note the different color
scale to Figure 1.
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harmonics at orders 33/34 (S. Bettadpur, 2007, private
communication). K2 had almost all coefficients to degree
12 with higher harmonics at the first two resonances (near
orders 15 and 31). The omissions from the full CSR4 model
are not considered serious around Antarctica in comparison
to the mis-modeling over the ice shelves. Thus our simu-
lations which are based on the full CSR4 model will not be
completely representative of the model used in CSR Release
01 GRACE solutions, but at large spatial scales they can be
considered equivalent and hence our simulations of tidal
aliasing realistic.
3. GRACE Simulations
[12] Ray and Luthcke [2006] note that, due to the Earth’s
two sided tidal bulge for semi-diurnal tides, there is near
identical sampling by GRACE on ascending and descend-
ing tracks. However, for diurnal tides there is approximately
a 180 offset. To examine this in detail, let the admittance
for constituent s on an ascending arc be given by As cos 8s,
where As denotes the amplitude of the disturbing function
(e.g., cm of water) with 8s, the corresponding orbital phase.
The signature in GRACE is then derived from averaging
over ascending and descending tracks, i.e.
As
2
cos 8sð Þ þ cos 8s þ gsð Þð Þ  AsFs cos 8s þ gs=2ð Þ ð1Þ
where Fs = cos (gs/2) is the modulation factor, and gs the
phase offset between ascending and descending arcs.
Accordingly, we might expect that with gs  180 the
long-periodic signatures due to K1, for example, would
effectively cancel over a 30 day period. Utilizing the
GRACE orbits, the actual phase difference, gs, and
modulation factor, Fs, has been averaged over 1 latitudinal
bands with the results summarized in Table 2 for K1 and
K2. It is observed that for latitudes equator-ward of 70S the
effective signature for K1 is less than 3% of the full
admittance but that this increases pole-ward to 9% at
latitude 80S and 19% at latitude 85S. Since the higher
latitude corresponds to the polar extremity of the Ross Ice
Shelf, tidal mis-modeling will impact on ice mass rates in
that and surrounding regions. Although still relatively small,
the K1 forcing function for GRACE is magnified by the
very long aliasing period of K1. Mathematically, this is due
to the resultant orbital signals having the aliasing frequency
(2.25  103 rad/day) as divisor according to Lagrange’s
Planetary equations [Lambeck, 1980]. In contrast, the
modulation of the semi-diurnal tide K2 diminishes toward
the pole but is still 93% of the admittance at latitude 85S.
[13] GRACE is a dual satellite mission [Tapley et al.,
2004] with the positioning of each satellite determined by
GPS, the satellite orientations by star-cameras, the surface
forces by accelerometers and the inter-satellite range-rate by
K-band microwave ranging. Simulations reported in this
study used the anomalous GRACE inter-satellite range-rate
[cf. Han, 2004], D _r, approximated from the potentials, DV1
and DV2, computed from the instantaneous (tidal) gravity
field harmonics at the dual satellite positions. Thus [Wolf,
1969; Jekeli, 1999]
D _r  DV1 DV2ð Þ=j_r1j ð2Þ
where the potential differences are divided by the velocity
of the leading GRACE satellite, denoted by subscript one.
Equation (2) was expanded to include harmonics to degree
and order 180 but was later relaxed to degree and order 90
as the higher order terms had negligible effect. The
simulated observation equations of equation (2) at the 5 s
intervals were subsequently used to recover the anomalous
(static) gravity field to degree and order 70 for each 30 day
period.
[14] Our simulations utilized the distribution of tidal
height anomalies in Figures 1 and 2. Exact 30 day periods
from the period August 2002 to January 2006, starting on
the first day of each month, were taken with the true
positioning of the two GRACE satellites derived from the
Level 1b orbital computations. This period was chosen to
match that used by Velicogna and Wahr [2006]. However,
although true satellite positions were employed, there was
no attempt to mirror outages in the real GRACE data. Mass
anomalies due to the ocean constituent tidal height differ-
ences between CSR4 and FES2004 and TPXO6.2 over a
regular 0.25 by 0.25 latitude/longitude grid were con-
verted to instantaneous gravity field coefficients [Wahr et
al., 1998] for latitudes 60S to 86 S. Outside this range the
differences between tide models are small (relative to those
around our region of interest) and accordingly were set to
zero. In agreement with the GRACE Level 2 fields, 5 s
epochs of simulated range-rate data were utilized. The data
were decimated to 60 s intervals north of latitude 30S, but
weighted to preserve global support for the gravity field
simulations. The O1, K1, S2, K2 constituents were studied.
O1 was added to investigate a constituent with an aliasing
period (13.6 day) considerably less than the nominal 30 day
solution period.
4. Results
[15] For each tidal constituent, the simulated observations
were used to derive invariant gravity field harmonics
complete from degree 2 to degree 70 over a particular
month. Monthly solutions were accordingly obtained for
August 2002 and November 2002 and then on a 3 monthly
basis (April, July, October, January) from April 2003 until
January 2006. In addition, monthly solutions, with the
exception of March, were obtained in 2004 to permit
analysis of the 161 day aliasing with S2. As for the GRACE
‘monthly’ fields, and even though the only ‘noise’ in the
simulations is the tidal error, analysis of the results neces-
sitated spatial averaging [Wahr et al., 1998] to minimize
spatial noise. In additional correlations between harmonics
Table 2. Phase Offset (g) and Admittance Modulation (F) for K1
and K2 Tidal Constituents for 1 Latitude Bands
Latitude K1 K2
deg, S g, deg F g, deg F
[59, 60] 177 0.03 9 1.00
[69, 70] 174 0.05 13 0.99
[74, 75] 173 0.06 14 0.99
[79, 80] 170 0.09 20 0.98
[84, 85] 158 0.19 44 0.93
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of the same parity and order can be reduced by destriping
[Swenson and Wahr, 2006].
4.1. Tidal Aliasing: Antarctic Spatial Signal
[16] To quantify residual S2 signatures in the GRACE
data the 43 monthly fields of CSR Release 01 and the 56
fields of Release 04 have been spatially averaged (radius
400 km) and destriped. The monthly data was subsequently
fitted with an annual cycle, a sinusoid of period 161.5 day
(S2) and a quadratic in time; the latter attempts to remove
the geophysical signal due to accumulation/loss of ice and
GIA. The amplitudes of the observed signal at the S2
aliasing period and at the annual cycle are plotted in Figures 3
and 4 in units of mm of equivalent water height. Residual
streaking effects in the upper plots of Figure 3, with
amplitude increasing away from the pole, are present in
Figure 3. Amplitude (mm of equivalent water height) of S2 signature; spatial averaging radius 400 km.
Upper left GRACE CSR Release 01; center left GRACE CSR Release 01 with destriping; lower left
simulated data TPXO6.2 minus CSR4. Right hand column same but with CSR Release 04 (upper and
centre) and simulated data TPXO6.2 minus FES2004 (lower right). Note the differences in scale between
the right and left plots.
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both releases. Removal of the streaks in a destriping process
prior to spatial averaging used a correlated-error filter
[Swenson and Wahr, 2006] with window w = 8. The filter,
applied to harmonics of order m 
 mmin = 8, resulted in the
center plots of Figure 3 with signatures over the Ross and
Weddell Seas and Amery Ice Shelf now more easily
identifiable. There is, however, some concern that the filter
may dampen the real signal as use of different values of
w and mmin had an effect on small signals such as over the
Larsen Ice Shelf. Also plotted in Figure 3 are the
corresponding 161.5 day amplitudes from the simulated
data. Since no noise was added to the data, the simulated
amplitudes are completely coherent. There is a strong
geographical correspondence between the simulated ampli-
tudes in Figure 3 and the S2 ocean height differences in
Figure 1 and Figure 2. Release 01 exhibits a dominant
residual S2 signal over the Filchner-Ronne ice shelf. Cor-
respondence is also observed between the modeling differ-
ences of CSR4 with respect to TPXO6.2 and the GRACE
amplitudes over the Ross and Larsen ice shelves. The
spatial structures of the observed and simulated signals
closely match those derived from the 5 day GRACE
solutions of Han et al. [2005].
[17] The right-hand plots of Figure 3 (note reduced scale)
reveal that Release 04 has residual S2 signatures over the
Filchner-Ronne and Larsen ice shelves extending over the
Weddell Sea. Again, the signatures are replicated by
the simulated differences although the signature over the
Eastern Weddell Sea is larger than in the GRACE data
indicating a possible deficiency with TPXO6.2 in this
region. The simulated results reveal that differences between
TPXO6.2 and FES2004 for S2 are also perceptible over the
Ross Ice Shelf and, interestingly, the Amery Ice Shelf. There
is also an ocean signal centered near 65S, 35E. Similarly,
both the Amery Ice Shelf and this ocean location are regions
of high amplitude in the GRACE Release 04 plot. The
GRACE signature over the Ross Sea in both Releases is
not replicated in the simulated results indicating that
TPXO6.2 may be deficient in this area. This is corroborated
by the results of King and Padman [2005] where the S2 term
in FES2004 performs marginally better than TPX06.2 in this
area. However, the general agreement between the simulated
S2 aliasing and that seen in GRACE supports the robustness
of our simulation approach and in general confirms the
accuracy of the TPXO6.2 model around Antarctica, at least
for the S2 constituent.
[18] Figure 4 shows the annual signal over Antarctica in
mm of equivalent water height from CSR GRACE Release
01 (top) and CSR Release 04 (bottom). The left-hand (right-
hand) plots show the annual component on 1 January
(1 April). Release 04 gives lower annual signals than
Release 01 although the spatial patterns are similar. Typi-
cally, the annual amplitude is <20 mm in Release 04 with
the largest signal (30 mm) along the Amundsen Sea coast,
near Pine Island Bay.
[19] Figures 5 and 6 present the observed GRACE mass
rates in mm/a of equivalent water height from CSR Release
01 and CSR Release 04, that is using CSR4 and FES2004
Figure 4. Annual signal over Antarctica in mm of equivalent water height from GRACE CSR Release
01 (top) and CSR Release 04 (bottom); spatial averaging radius 400 km. (left) Cosine component and
(right) sine component with t = 0 on 1 January.
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ocean tidal modeling respectively. Monthly fields of CSR
Release 01 are generally complete to degree and order 120
with reduction to degree and order 60 in Release 04. The
top two plots are the spatially averaged (left) and destriped/
spatially averaged secular rates (right). The greater coher-
ence and reduction in the streaking pattern when comparing
GRACE solutions in Figure 6 to Figure 5 is a result of the
enhanced processing, improved background models and the
reduction in high degree and order aliasing in Release 04.
No adjustment has been made for GIA or leakage from
hydrological signals from outside the region in these figures.
[20] Similarly, spatially averaged and destriped/spatially
averaged secular rates were derived from the simulations for
each of constituents K1, K2 and S2. Of these constituents,
only K1 benefited from the destriping procedure with K2
and S2 effectively unchanged. Below the GRACE results in
Figure 5. Linear rate of mass change from TPXO6.2 minus CSR4 (mass change in mm/a equivalent
water height) for August 2002–January 2006. Spatial averaging 400 km. Upper plots GRACE CSR
Release 01 (note the difference in scale): left with spatial averaging, right with additional destriping.
Centre plots simulated K1 left with spatial averaging, right with additional destriping. Lower plots
simulated K2 and S2 (no destriping in both cases).
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Figures 5 and 6 (note the different scale) are the spatially
averaged secular terms derived from the simulations for
each of constituents K1 (with and without destriping), K2
and S2. Only the spatially averaged results for K2 and S2
are given in these figures. With an averaging radius of
400 km both the GRACE observed rates and the simulated
K1 rates exhibit residual streaking from higher degree and
order aliasing, the North–South ground track pattern and
the associated poorer resolution of sectorial harmonics. As
no random noise has been added to the simulations, the
smoothing radius of 400 km is clearly close to the minimum
that the GRACE mission will support over Antarctica
without destriping despite the convergence of ground tracks
at higher latitudes.
[21] For long-period aliased tidal constituents, such as K1
and K2, and to a lesser extent S2, GRACE samples an
admittance with period given in Table 1. Thus for each
constituent, time series of the spatially averaged results from
the 21 months of noise-free simulated data essentially
yielded a partial sinusoid of that period but with the
amplitude and phase varying spatially in accordance with
local tidal mis-modeling. Over time periods less than a few
Figure 6. As for Figure 4 but for GRACE CSR Release 04 and change from TPXO6.2 minus FES2004
(mass change in mm/a equivalent water height) for August 2002–January 2006.
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years, these aliased terms appear as quasi-secular mass
changes in the monthly GRACE solutions. In contrast, for
constituents such as O1, with aliased period less than the
30 day data span, the sampling is over one or more cycles
with the expectation that any secular trend will be negligible
with the constituent merely adding noise to the gravity field
solution for that month.
[22] To quantify the effect of tidal mis-modeling on the
GRACE releases a harmonic of period 161 day, (1396 day;
2791 day) was fitted to the values from the 21 months of
simulated data of S2 (K2; K1) at each point of a rectangular
0.25 by 0.25 latitude/longitude grid. The fitted sinusoids
were then used to estimate the effect of tidal mis-modeling
at the midpoint of the 30 day time spans for Release 01 and
Release 04. A simple linear fit to the 43 (56) monthly values
for Release 01 (04) then yielded estimates of the aliasing
from each constituent on the Antarctic mass rates. The
spatial distribution of aliasing of the ice-mass rates is thus
assimilated from the trend of the linear approximant that
best fits the partial (multiple) sinusoid at locations in
Antarctica over the given period. Results here are pertinent
to the period August 2002 to January 2006.
[23] Figure 5 (a priori ocean tide CSR4) and Figure 6
(FES2004), show the anomalous mass change rates due to
the ocean tidal differences for S2, K1 and K2. As antici-
pated the contribution of O1 (not plotted) has negligible
impact, being less than 0.25 mm/a of ice for TPXO6.2
minus CSR4 over the region [60S, 90S] and less than
0.06 mm/a for TPXO6.2 minus FES2004. For S2, the 161
day signal was fitted over a period covering more than 8 (10)
complete cycles for Release 01 (04). However, linear
regression of a non-integer-plus-half number of cycles of
a sinusoid [cf. Blewitt and Lavalle´e, 2002] has yielded a
spurious non-zero linear trend. In particular the 140 mm
discrepancy centered on the Filchner-Ronne ice shelf in
Figure 3 for Release 01 has caused the linear trend of
14 mm/a in the simulated S2 signal of Figure 5. As an
illustration of this extreme aliasing a plot of the S2 time
series at point 79.25S and 293E is presented as Figure 7.
The sinusoid of 161.5 day period fitted to the 21 monthly
values (black squares) from the simulated differences
between CSR4 and TPXO6.2 yielded the 43 monthly
values of the epochs of Release 01 (black triangles).The
linear trend of 13.7 mm/a was based on unit weighting
of the 43 points. Changes in weights or data for the linear
regression will give different results. For example, consid-
eration of just the epochs of the 21 simulated data yielded
a rate of +5.6 mm/a. Similarly, the S2 discrepancy of 20–
30 mm in Figure 3 for Release 04 are responsible for the
spurious S2 mass rates of 2 mm/a in the lower-right plot of
Figure 6. Use of FES2004 has reduced the S2 aliasing but
has not eliminated it. Simultaneous estimation of linear,
annual and 161 day harmonic terms is therefore vital when
computing GRACE secular ice mass balance values.
[24] Table 3 summarizes the simulated aliasing at five
locations around Antarctica shown as points A–E in
Figures 5 and 6. Values in parenthesis are from destriping
in addition to spatial averaging. Point A is within West
Antarctica, an area of ice mass reduction, while Point B in
East Antarctica is within an area of apparent mass increase
[Chen et al., 2006]. Points C-E are located on the Filchner-
Ronne Ice Shelf, the Antarctic Peninsula and Wilkes Land
respectively. The results show that, over the considered time
period, the effect on secular rates due to K1 aliasing is
comparable to that from K2 for both ocean models but that
FES2004 aliasing is generally smaller than that with CSR4.
The effect of K1 and K2 mis-modeling is most noticeable
over the Filchner-Ronne Ice Shelf with Point C exhibiting a
possible aliasing at the level of about 5.5 mm/a (water
equivalent height) with CSR4 and 1.1 mm/a with FES2004.
This signal could be misinterpreted as being solely due to
GIA in this region [Ivins and James, 2005]. In contrast
Point A in West Antarctica and Point D on the Antarctic
Peninsula reveal significantly less aliasing with FES2004.
Table 3 also shows that, in general, destriping has little
impact on the recovered rates, although there are locations
where substantial exceptions occur (e.g., Point D). The table
and figures confirm that simulated tidal mis-modeling
amounts to, at worst, about ±5 mm/a of equivalent water
height with CSR4 and ±2 mm/a with FES2004 over the
considered 3.5 year period. Of course, as stated previously,
this value may well be over optimistic due to lack of
consideration of other geodynamical parameters estimated
within the CSR/GFZ GRACE solutions. More generally,
tidally induced errors can cause bias in the point values of
1–3 mm/a level on average which, given that spatial
averaging at 400 km leads to rates of less than 30 mm/year
over much of Antarctica, can amount to 10% or more of the
estimated ice mass signal (e.g., Point C).
Figure 7. Values (mm of equivalent water height) of S2
signature (spatial averaging radius 400 km) from the 21
months of differences between CSR4 and TPXO6.2
(squares). Fitted 161.5 day harmonic (dotted line) with
values (triangles) at the mid-span epochs of the 43 monthly
fields from GRACE CSR Release 01. The determined
spurious mass rate is 13.7 mm/a (solid line).
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4.2. Tidal Aliasing: Total Antarctic Ice Mass Rate
[25] To assess the effect of the tidal aliasing on published
ice volume change estimates, we have estimated the appar-
ent ice volume change from the simulated GRACE gravity
field harmonics over Antarctica using the kernel function
approach of Velicogna and Wahr [2006]. The Velicogna and
Wahr [2006] estimate was based on Release 01 GRACE
data which incorporated the CSR4 tide model over the
period April 2002–August 2005. The latest version, Release
04, is based on FES2004. Figure 8 shows the total ice
volume change relative to the GRACE static gravity field
GGM01S [Tapley et al., 2004] for both releases (to convert
to volume from mass we use an ice density of 910 kg/m3
throughout). It is important to note that these are unmodified
values as no adjustment has been made for GIA or leakage
from hydrological signals from outside the region of study.
Despite this caveat it is obvious that the monthly ice mass
values exhibit spurious and unrealistic fluctuations (e.g.,
early 2003: Release 04) due to data deficiencies/outages
and/or the solution methodology.
[26] By differencing the simulated results for TPXO6.2
minus CSR4 and TPXO6.2 minus FES2004 we can quan-
tify the signature of CSR4 minus FES2004. The simulated
apparent Antarctic volume difference on changing from
CSR4 to FES2004 and the equivalent simulated K1, K2
and S2, signal are plotted in Figure 9. For the 5 year period,
2002–2007, a linear fit to monthly differences between
TPXO6.2 and CSR4 (i.e., TPXO6.2 minus CSR4) gives
rates of 5.7 ± 0.4 km3/a, 0.8 ± 1.3 km3/a and 0.4 ±
0.5 km3/a for K1, S2 and K2 respectively: with a total rate
of 4.5 ± 1.3 km3/a. For TPXO6.2 minus FES2004 the
corresponding rates are 0.6 ± 0.1 km3/a (K1), 0.0 ±
0.2 km3/a (S2) and 0.4 ± 0.1 km3/a (K2) with total rate
of only 0.2 ± 0.2 km3/a. The trends thus yield a secular
change of 4.4 ± 1.3 km3/a for FES2004 minus CSR4.
However, due to sampling partial sinusoids the rates are
dependent on the period of analysis. For example, over
April 2002–January 2006 (the period used in the Velicogna
and Wahr [2006] studies) the rates are K1: 10.4 ± 0.3 km3/a
(1.9 ± 0.1 km3/a), S2: 0.2 ± 1.9 km3/a (0.2 ± 0.3 km3/a),
K2: 5.8 ± 0.6 km3/a (2.3 ± 0.1 km3/a) and total: 4.4 ±
2.0 km3/a (0.2 ± 0.3 km3/a) for TPXO6.2 minus CSR4
(TPXO6.2 minus FES2004).
[27] Applying the TPXO6.2/CSR4 corrections to the pub-
lished Velicogna and Wahr [2006] estimate of 152 km3/a
gives a revised Release 01 estimate for Antarctic ice
volume change of 156.5 km3/a (over the period April 2002–
January 2006). Similarly, after simultaneously fitting a trend,
and annual and semi-annual terms to the differences in
Figure 8, and adjusting for the rate 11.6 km3/a for Release
04 minus Release 01, a tidally corrected Velicogna and Wahr
[2006] Release 04 ice mass change value yields a decrease
of 164 km3/a of ice from Antarctica over the period April
2002–January 2006. The accuracy and precision of this
value remain subject to other model errors, most notably
GIA models, while important analysis center differences
also remain [Sasgen et al., 2007].
5. Conclusions
[28] Antarctic ice mass rates inferred from GRACE are
the sum of the actual ice storage change, the crustal
response to the present and past loads and aliasing effects
from the GRACE processing strategy. In particular, ocean
tidal mis-modeling of the K1, K2 and S2 constituents can
cause long-period aliasing that confuse interpretation of ice
mass change signals. In this study we have investigated the
potential tidal aliasing of GRACE estimates through the use
of differences between the ocean tidal models CSR4 and
Table 3. Aliasing of Ice-Mass Change Expressed as Equivalent Water Heights Rates at Locations in Antarctica: Spatial Averaging With
400 km Radiusa
Point
Lat,
deg
Lon,
deg
K1 CSR4,
mm/a
K2 CSR4,
mm/a
GRACE R01,
mm/a
K1 FES2004,
mm/a
K2 FES2004,
mm/a
GRACE R04,
mm/a
A 74.5 249.5 2.97 (2.81) 0.80 (0.78) 59.1 (64.7) 0.02 (0.04) 0.20 (0.22) 65.9 (64.1)
B 68.5 54.5 0.58 (0.10) 1.12 (0.98) 47.9 (48.4) 0.70 (0.39) 0.10 (0.12) 22.4 (21.6)
C 80.0 320.0 0.44 (0.40) 4.96 (5.14) 15.2 (14.8) 0.38 (0.34) 0.71 (0.72) 13.5 (12.7)
D 69.0 296.0 1.73 (2.66) 2.94 (2.60) 2.9 (9.0) 0.43 (0.13) 0.28 (0.17) 6.6 (3.1)
E 70.0 110.0 1.47 (1.28) 0.30 (0.20) 1.5 (3.2) 0.06 (0.07) 0.16 (0.13) 2.2 (5.5)
aDestriped and spatially averaged rates in parenthesis. Rates inferred from simulation of ocean tidal height differences between TPXO6.2 and CSR4 and
FES2004 for long-periodic signatures (August 2002–January 2006) for constituents K1 and K2. GRACE rates refer to Release 1 (CSR4) and Release 4
(FES2004).
Figure 8. GRACE total Antarctic ice equivalent volume
from the kernel approach relative to the GRACE static
gravity field GGM01S: CSR Release 01 and Release 04
uncorrected for glacial isostatic adjustment and effects due
to influences external to the region.
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FES2004, used in GRACE gravity field releases and the
best current circum-Antarctic ocean model, TPXO6.2.
Comparisons of the ocean height differences have identified
potential aliasing due to commission or omission errors over
ice-shelf regions in particular. Both the CSR4 and FES2004
models are seen to differ from TPXO6.2 over the Filchner-
Ronne and Ross ice-shelves with smaller differences over
the Antarctic Peninsula. Although it is impossible to state
categorically that TPXO6.2 is correct in all locations, the
study does facilitate quantification of the potential error.
[29] Consistent with the observed change, simulations of
the potential ocean-tidal aliasing of the total Antarctic ice
mass change identified a clear signal at 161 day in the
GRACE data due to S2. Comparisons of the amplitude of
the aliased S2 signal in GRACE with the simulated results
showed excellent agreement, particularly over the Filchner-
Ronne and Larsen ice shelves. The correspondence between
observations and simulations is quite remarkable and allays
fears that results from synthetic studies such as this lack
realism. The S2 study reveals that FES2004 is superior to
CSR4 around Antarctica but that there is further scope for
improvement. The agreement between the simulated S2
amplitude with TPXO6.2 minus CSR4 and that observed
in CSR Release 04 yields further evidence of the accuracy
of TPXO6.2 with the likelihood that noise in the GRACE
data could be further reduced on adoption of TPXO6.2
around Antarctica.
[30] For the 5-year period 2002–2007, the difference
between CSR4 and TPXO6.2 is equivalent to a secular rate
of 4.5 ± 1.3 km3/a of ice over Antarctica. These values need
to be compared to the uncertainties of 14 km3/a and
80 km3/a presented by Chen et al. [2006] and Velicogna
and Wahr [2006] respectively, which do not include a
component due to tidal aliasing errors. Furthermore, the
biases due to tidal aliasing reduce to just 0.2 ± 0.2 km3/a for
differences between FES2004 and TPXO6.2. Hence Re-
lease 4 GRACE products may be regarded as essentially
error free when considering the secular ice mass change for
the entire Antarctic ice sheet. Further reductions in the effect
of tidal aliasing errors could also be obtained if the floating
ice shelf regions were excluded from the computations (they
were included in the work of Velicogna and Wahr [2006]);
this would also reduce biases/uncertainty due to GIA
modeling errors in this region.
[31] However, the total ice volume change given by the
kernel approach masks important regional differences in ice
mass accumulation and loss. Applying 400 km spatial
averaging, the spatial distribution of tidally induced ice mass
rate errors is shown in Figure 5 and Figure 6. The simu-
lations reveal that aliasing is significant over the Filchner-
Ronne ice shelf as expected from the tidal admittance with
errors in the water equivalent height rate exceeding 5 mm/a
with CSR4 and 2 mm/a with FES2004, which may be
erroneously interpreted as GIA signal. Furthermore, with
observed GRACE equivalent water height rates of less than
30 mm/a over much of Antarctica tidal mis-modeling can
cause point-wise mass change biases of 10% or higher.
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